ABSTRACT As a potential technique to improve channel capacity, orbital angular momentum has been developed in the radio field. In this paper, a novel radio vortex-multiple-input multiple-output (RV-MIMO) system is proposed to provide high capacity in free space. In particular, the vortex channel of the proposed system is modeled. Based on this model, the optimal vortex phase is derived, which results in the optimal capacity of the proposed RV-MIMO system. Simulation results show that the proposed RV-MIMO system could achieve higher capacity than the MIMO system in free space.
I. INTRODUCTION
The fourth generation of mobile communication systems has rolled out across the globe, and the capacity demand is very significant for the emerging data services like ultra high definition videos and immersive multimedia [1] . In current wireless communications, capacity can be upgraded by using multiple-input multiple-output (MIMO) techniques. However, the existing MIMO systems have some issues in capacity increase. For example, the number of antennas is increased finitely. The employment of large-scale antenna arrays in the field of massive MIMO can bring substantial capacity improvements. However, the hardware impairment at each antenna should be considered [2] . Furthermore, for very large-scale antenna arrays, the capacity can be saturated to a certain level in the colored scattering environment [3] . In addition, propagation environment is increasingly severe. Therefore, capacity increase of the MIMO system becomes more difficult than before [4] . Even for the short-range line-of-sight (LOS) MIMO system in the three-dimensional (3D) space, the capacity is still limited by the transceiver distance, the wavelength and the array size [5] . Thus, capacity improvement of the MIMO systems is a crucial problem for wireless communication systems.
Recently, orbital angular momentum (OAM) has emerged as a promising technique to provide high capacity in the radio field. In 2011, the first experimental test of an OAM-based radio communication system was demonstrated. A radio signal and a radio signal with OAM of the system were transmitted and received on the same frequency simultaneously in a real world [6] . Then, OAM multiplexing was employed in millimetre-wave communications to provide high capacity [7] . From the viewpoint of the multiplexing, an OAM-based MIMO system can be regarded as a channel spatial multiplexing in the conventional MIMO systems [8] . Therefore, OAM multiplexing can be considered as a particular case of MIMO techniques, however, the multiplexing does not lead to any significant capacity improvement [9] . In other words, OAM-based radio communications do not bring any additional gains in capacity [10] . For an ideal OAM-based MIMO system, the transmission of radio signals with OAM could maximize channel capacity in the LOS scenario [11] . Since an OAM-based radio communication system can be modeled as the MIMO multiplexing system, the effective degrees of freedom in the OAM-based radio communication system depend on the characteristics of the circular array. The circular array is characterized by three parameters [12] . If the selection criteria is satisfied, multiple orthogonal sub-channels can be obtained in an ideal LOS OAM-based MIMO system which confirms to theories of conventional MIMO systems in spatial multiplexing [13] . In a word, the OAM-based MIMO system can be regarded as a conventional MIMO system since there is only an equivalent OAM mode at a certain time. When multiple OAM modes are coexisted in an ideal LOS scenario at any time, the channel of the OAM-base MIMO system should be considered. Furthermore, the relationship between the vortex phase caused by the OAM and the capacity should be studied.
In this paper, a radio vortex-multiple-input multipleoutput (RV-MIMO) system is proposed, where the vortex channel of the proposed system is modeled. Different from the MIMO systems, a radio signal with a vortex phase, is named as a vortex signal. A radio system with the vortex signal is called as a radio vortex (RV) system. Hence, the proposed system is combined with the RV and MIMO systems. The vortex phase of the proposed system brings an additional degree of freedom for capacity improvement. The vortex phase includes the azimuthal angle and the topological charge which is the eigenvalue of the vortex signal. The azimuthal angle depends on relative positions of the transmitting and receiving antennas, which are arranged into the uniform circular array (UCA), respectively. Therefore, variations of the relative rotation angle between the two UCAs could lead to different vortex phases due to different azimuthal angles. Moreover, the optimal vortex phase could be derived and the optimal capacity of the proposed RV-MIMO system is obtained. The basic idea of this paper is to exploit the vortex phase to achieve high capacity in the proposed RV-MIMO system. The key contributions are the modeling of the vortex channel and the derivation of the optimal vortex phase. Finally, simulation results validate the capacity improvement achieved by the proposed RV-MIMO system.
The rest of this paper is organized as follows. The RV-MIMO system model is introduced in Section II. Then the vortex channel of the proposed system is modeled in Section III. Based on this model, the optimal vortex phase is derived in Section IV. Simulations are conducted to verify the capacity increase of the proposed RV-MIMO system in Section V. Furthermore, the proposed system is compared with some related studies in Section VI. Finally, conclusions are drawn in Section VII.
II. SYSTEM MODEL
The proposed RV-MIMO system model is shown in Fig. 1 . A pair of UCAs is employed at both transmitter and receiver. At the transmitter, data information is modulated to the millimetre-wave radio signals. The signals are then transmitted by collimated lensed-horn antennas and passed through spiral phase plates (SPPs) [7] . Note that, each transmitted antenna is matched to an SPP with different thicknesses to form different topological charges. Furthermore, the size of the SPP is larger than that of the lensed-horn antenna in order to limit possible effects that may arise from a truncated aperture. Therefore, the transmitted radio signals are modulated to the vortex signals due to the SPPs. At the receiver, multiple conventional antennas are arranged into the UCA to receive the vortex signals. The vortex signals could be demodulated to the radio signals by measuring the phase distribution with the phase interferometer [6] or other demodulation methods of the vortex signals. Then, the information could be recovered from the radio signals by the traditional demodulation method. The major notations in this paper are listed in Table 1 . Given that M receiving antennas and N transmitting antennas are configured, the proposed RV-MIMO system model could be extended from the MIMO model. A standard formulation of the input/output relationship in complex base-band notation is 
III. VORTEX CHANNEL
As demonstrated in Fig. 2 , the radio signal has planar phase fronts. However, the mentioned vortex signal in the proposed RV-MIMO system has a helical phase front. For implementation, the helical phase front can be yielded by the SPP [7] . Theoretically, the vortex signal can be formed by multiplying an e jkϕ term to a radio signal in order to achieve the helical phase front. Thus, the vortex signal can be modeled as
where s(t) is the radio signal, k denotes the topological charge, and ϕ is the azimuthal angle. When the transmitted radio signal is passed through the SPP, the vortex signal is generated with a topological charge. Given that the n-th radio signal is expressed as s n (t), the corresponding n-th vortex signal could be expressed as
where k n is the topological charge of the n-th vortex signal, and ϕ mn is the azimuthal angle from the n-th transmitting antenna to the m-th receiving antenna in Fig.3 . T n is the n-th transmitting antenna, while R m is the m-th receiving antenna. T n and R m are the geometric projections of T n and R m , respectively. Suppose that the MIMO channel matrix is H, let H be an M × N matrix as
where h mn is the transfer function from the n-th transmitting antenna to the m-th receiving antenna. Note that, a freespace link has been employed in the current studies for the propagation of the vortex signals [6] , [7] , [10] since the singularity should be calibrated between the transmitter and the receiver [6] . Hence, the proposed RV-MIMO system is also applied to the free-space scenario. According to [10] , h mn is given by
where β is a constant, which contains attenuation and phase rotation, λ denotes wavelength, and d mn is the distance from the n-th transmitting antenna to the m-th receiving antenna. Thus,
For the RV-MIMO system, when the vortex signal vectors
h mn s n (t)e jk n ϕ mn + w m (t).
Therefore, the received signal vector is 
According to (1), the vortex channel matrix could be derived as
Compared with the MIMO channel H, the vortex channel H v of the RV-MIMO system can be considered as the MIMO channel with vortex phase terms. The vortex phase of the proposed RV-MIMO system includes the azimuthal angle and the topological charge which is the eigenvalue of the vortex signal. The azimuthal angle depends on relative positions of the transmitting and receiving antennas, which are arranged into the UCAs, respectively. Two UCAs are shown in Fig.3 . The two UCAs are placed in parallel, and they face each other on the same beam axis at a distance D. R TX and R RX are radii of the two UCAs at the transmitter and receiver, respectively. Θ is the relative rotation angle of the two UCAs. The UCA at the transmitter is fixed. However, the UCA at the receiver is active. In other words, the relative rotation angle Θ is variable. Specifically, two cases are considered for the UCA at the receiver. Firstly, the central point O is fixed and the relative rotation angle Θ of the two UCAs is variable. Therefore, the two central points of the two UCAs coincide. Secondly, both the central point O and the relative rotation angle Θ are variable. The dots on the two concentric circles indicate the positions of the antenna elements. The dashed line denotes the geometrical projection due to illustration of the azimuthal angle ϕ mn and the rotation angle θ mn .
For the first case, when the central point O of the UCA at the receiver is fixed, the distance d mn between arbitrary two transmitting and receiving antennas is calculated as
The rotation angle θ mn between arbitrary two transmitting and receiving antennas is written as
where m and n are the m-th receiving antenna and the n-th transmitting antenna, respectively. For the proposed RV-MIMO system, assume that the locations of antennas are known, then the azimuthal angle ϕ mn is expressed as
where the Angle(·) denotes the achieving azimuthal angle operation.
Different from the first case, the central point O of the UCA at the receiver is not fixed in the second case, and the central point is assumed to move from the origin position (0, 0) to the new position (x c , y c ). According to the geometry, d mn is denoted as
In addition, the azimuthal angle ϕ mn can be expressed as
Hitherto, the vortex channel matrix H v could be obtained since the distance d mn and the azimuthal angle ϕ mn are achieved. Note that, λ is a constant wavelength of the radio signals. In addition, the topological charges k 1 , k 2 , . . . , k n are constants determined by the SPP.
In summary, when the relative rotation angles of the two UCAs are variable, two cases should be considered to the vortex channel at the receiver: the fixed UCA and the movable UCA. Moreover, the optimal vortex phase of the vortex channel in the proposed RV-MIMO system should be derived.
IV. THE OPTIMAL VORTEX PHASE FOR CAPACITY
The variation of the relative rotation angles affects the azimuthal angle ϕ mn and further affects the vortex phase and the vortex channel matrix H v . According to the Shannon's channel capacity theorem, the vortex channel matrix impacts on the capacity of the proposed RV-MIMO system. Moreover, the vortex phase is the main characteristic of the vortex signal. The vortex signal of the RV-MIMO system is orthogonal and independent in the time and the frequency domains since the vortex phase of the proposed system is an additional degree of freedom. Thus, there will be no impact on current communication systems if the RV-MIMO system is deployed in the future.
Suppose that the transmitter does not know the channel state information (CSI), the transmitter cannot optimize its power allocation. Thus, the best strategy would allocate equal power to each transmitting antenna. Under this assumption, according to the Shannon's channel capacity theorem, the capacity of the MIMO system is given by
where det (·) denotes the determinant, I is the identity matrix with the size given by a minimum number of transmitting antennas (N ) and receiving antennas (M ), SNR is the signal-to-noise ratio, and H represents the M × N channel VOLUME 3, 2015 matrix with the H H denoting the conjugate transpose. For the 2 × 2 MIMO system, the capacity is
where,
According to (13) and (14), suppose that Θ = 0,
Generally speaking, D is far larger than R TX and R RX in practical radio communications. Therefore, γ ≈ 0 results in cosγ = 1. As a result, the practical capacity of the MIMO system is
However, the practical capacity of the RV-MIMO system depends on the vortex phase associated with the relative positions. Varying relative positions of the UCA at the receiver in a certain range to find the optimal vortex phase is a feasible way to achieve the optimal capacity. 
Note that, B is the vortex phase, and C denotes the phase of the MIMO system.
Therefore, varying the relative rotation angle Θ, even changing the central point of the UCA at the receiver could achieve different azimuthal angles ϕ mn . Furthermore, different thicknesses of the SPP are selected for different topological charges. Thus, the optimal vortex phase is attained and leads to the optimal capacity of the RV-MIMO system. The optimal capacity of the 2 × 2 RV-MIMO system could be achieved as
Correspondingly, the optimal vortex phase of the 2 × 2 RV-MIMO system should satisfy the following condition: 
In summary, the optimal capacity of the 2 × 2 RV-MIMO system could be attained when the optimal vortex phase is satisfied (24).
B. THE OPTIMAL VORTEX PHASE OF THE N × N RV-MIMO SYSTEM
To simplify the analysis for the N ×N RV-MIMO system, the amplitude of the vortex channel could be normalized to unity. We have,
Based on this idea, the derivation is repeated as the optimal vortex phase of the 2 × 2 RV-MIMO system. The optimal vortex phase of the N × N RV-MIMO system should satisfy the following condition:
where P is the total power. Obviously, the optimal condition could be expressed as
In summary, the optimal capacity of the N × N RV-MIMO system could be achieved when the amplitude of the N × N RV-MIMO system is normalized and the vortex phase satisfies the condition (27).
V. SIMULATION RESULTS
In this paper, both the proposed RV-MIMO and the MIMO systems are discussed in free space. The main parameters of the RV-MIMO and the MIMO systems are listed in Table 2 . The radii of the UCAs at the transmitter and receiver are R TX and R RX , respectively. In addition, the total powers of the two systems are the same, and each transmitting antenna is assigned power equally. Note that, when a transmitted radio signal is passed through an SPP, a vortex signal is generated. Each vortex signal carries a topological charge k n which is from 0 to N − 1. The number of topological charges has no relationship with the power.
In the following configurations, the UCA at the transmitter is fixed. Nevertheless, there are two cases about the central point of the UCA at the receiver to be considered: One is fixed, the other is movable in a certain range. For both of the two cases, the relative rotation angles Θ are varied from 0 to 2π in order to find the optimal vortex phase for the optimal capacity of the RV-MIMO system. The optimal capacity of the RV-MIMO system is labeled as ''Optimal'' in the simulation results. Note that, the capacities of the RV-MIMO system and the MIMO system are defined as the average capacity for the variations of the relative rotation angles. In addition, the capacity gain is defined as the optimal capacity of the RV-MIMO system to the capacity of the MIMO system with the identical SNR.
A. THE FIXED UCA AT THE RECEIVER
In this case, the central points of the two UCAs are coincided. As shown in Fig. 5 , for the 2 × 2 RV-MIMO system and the 2 × 2 MIMO system, three types of capacities are illustrated with the Monte Carlo method. In addition, the optimal capacity of the RV-MIMO system in theory is demonstrated under the condition of the optimal vortex phase (24). Obviously, it is consistent with the Monte Carlo result. Therefore, in the next simulations, we could employ the Monte Carlo method to replace the theoretical method to achieve the optimal capacity avoiding complicate derivations for two more antennas. The optimal capacity is a little higher than the capacity of the RV-MIMO system with the identical SNR since the optimal vortex phase is employed. For example, the optimal capacity and the capacity of the RV-MIMO system are 13.32 bps/Hz and 12.93 bps/Hz at SNR=20 dB, respectively. Furthermore, the capacity of the RV-MIMO system is higher than that of the MIMO system with identical FIGURE 5. Capacities of the 2 × 2 RV-MIMO system and the 2 × 2 MIMO system. VOLUME 3, 2015 SNR since the vortex phase is exploited. For instance, the capacities of the RV-MIMO system and the MIMO system are 12.93 bps/Hz and 7.65 bps/Hz at SNR=20 dB, respectively. Thus, with the increase of SNRs, the capacity improvement of the RV-MIMO system is more significant than that of its counterpart due to the contribution of the vortex phase.
Different types of the capacities are demonstrated in Fig. 6 . The capacities of both the RV-MIMO and MIMO systems are enhanced when SNR increases. For the identical number of antennas, the capacities of the RV-MIMO system are higher than those of the MIMO system under the same SNR due to the vortex phase. For example, when SNR is 20 dB, the capacities of the 4 × 4 RV-MIMO system and the 4 × 4 MIMO system are 21.57 and 8.648 bps/Hz, respectively. Furthermore, the optimal capacity is 22.4 bps/Hz at SNR=20 dB. Compared with the capacity of the MIMO system at SNR=20 dB, the optimal capacity and the capacity of the RV-MIMO system are increased by 13.752 and 12.922 bps/Hz, respectively.
For the identical types of capacities, the capacity improvement of the RV-MIMO system is more significant than that of its counterpart with the increase of SNRs. For the MIMO system, it could not obtain the obvious capacity improvement although SNR is increased. For example, when SNR is 20 dB, the capacities of the 4×4 MIMO system and the 2×2 MIMO system are 8.648 and 7.651 bps/Hz, respectively. Therefore, the capacity is improved 1.13 times at SNR=20 dB. With the same SNR to the RV-MIMO system, the capacities of the 4 × 4 RV-MIMO system and the 2 × 2 RV-MIMO system are 21.57 and 12.9 bps/Hz, respectively. Hence, the capacity of the RV-MIMO is improved 1.67 times at SNR=20 dB. Analogously, the optimal capacity is increased 1.68 times at SNR=20 dB. Thus, the optimal capacity is promoted higher than both the capacities of the RV-MIMO and the MIMO systems in the identical situation. Fig. 7 shows the relationship between the capacity gain and SNR. For the identical number of antennas, the gains are advanced with the increase of SNRs. For example, the gains of the 4 × 4 RV-MIMO system are 1.113 at SNR=−10 dB FIGURE 7. Capacity gains of the RV-MIMO system over the MIMO system. and 2.59 at SNR=20 dB, respectively. The capacity gain is about 2.33 times increased for the 4 × 4 RV-MIMO system. Therefore, the improvement of the capacity gains is significant with the increase of SNRs. For the identical SNRs, the more antennas, the better benefits. For instance, when SNR is 20 dB, the gains of the 4 × 4 RV-MIMO system and the 2 × 2 RV-MIMO system are 2.59 and 1.74, respectively. The capacity gain is improved about 1.49 times at SNR=20 dB. Therefore, the capacity gains of the RV-MIMO system are increased with increasing antennas.
In conclusion, with the increase of the antennas and SNRs, the capacity of the RV-MIMO system is more remarkable than that of the MIMO system since the optimal vortex phase is exploited.
B. THE MOVABLE UCA AT THE RECEIVER
In this case, the central point of the UCA at the receiver is active within an alignment range, and SNR is 8 dB. Based on this scenario, the relative rotation angle is still varying from 0 to 2π to find the optimal vortex phase.
As illustrated in Fig. 8 , different numbers of antennas are considered in the relationship between the alignment range and the capacity. For the MIMO system, the capacities of the For the capacities of the 2×2 and 4×4 RV-MIMO systems, both of them descend slowly with the increase of the alignment range since the larger alignment range means the UCA at the receiver is placed beyond the suitable position with the higher probability. Therefore, the increase of the alignment range has a negative impact on the capacity of the RV-MIMO system. Nevertheless, the capacity of the RV-MIMO system is still higher than that of the MIMO system with the identical numbers of antennas and the identical alignment range since the vortex phase is employed.
For the optimal capacities of the RV-MIMO systems, the capacity of the 4 × 4 system is fluctuant within a little scope since multiple antennas are placed in a small range R TX = 0.8λ, and the antenna correlation could lead to the fluctuation of the capacity. However, the optimal capacity of the 2 × 2 system keeps a line since less antennas are easier to find the optimal vortex phase. With the identical numbers of antennas and the alignment range, the capacities of the optimal RV-MIMO systems are higher than the RV-MIMO systems since the vortex phase is optimized.
Note that, when the alignment range is 0, the central point of the UCA at the receiver is considered to be fixed. For example, when SNR=8 dB in Fig. 5 , the optimal capacity of the 2 × 2 RV-MIMO system, the capacity of the 2 × 2 RV-MIMO system and the capacity of the 2 × 2 MIMO system are 5.74 bps/Hz, 5.437 bps/Hz and 3.768 bps/Hz, respectively. When the alignment range is 0 in Fig. 8 , the optimal capacity of the 2 × 2 RV-MIMO system, the capacity of the 2 × 2 RV-MIMO system and the capacity of the 2 × 2 MIMO system are 5.74 bps/Hz, 5.437 bps/Hz and 3.768 bps/Hz, respectively. Since the two groups of data are exactly the same, the results of the Fig. 5 and Fig. 8 are consistent.
Overall, the proposed RV-MIMO system could provide much higher capacity than the MIMO system under the same situation since the vortex phase is exploited. Furthermore, when the central point of the UCA at the receiver is moved and not coincided with that of the UCA at the transmitter, the capacity of the RV-MIMO system decreases slowly. However, the minimum capacity of RV-MIMO system is still higher than that of the MIMO system with the same number of antennas.
VI. DISCUSSIONS
Compared with some related studies [10] , [11] , [13] , the proposed system is different. Firstly, multiple SPPs are employed at the transmitter. Each transmitting antenna is matched to an SPP with different thicknesses to form different vortex signals. Therefore, multiple vortex signals are transmitted simultaneously, and multiple OAM channels are exploited beyond the spatial multiplexing of the MIMO system.
There is no effective method to create multiple vortex signals simultaneously in [10] , [11] , [13] , although they can be generated separately. Thus, there is only one vortex signal at any time, and no extra capacity gains are created beyond the MIMO spatial multiplexing. Secondly, the UCAs in the proposed system are the same as those employed in [10] . However, the results are different since different SPPs are employed at the transmitter. In [11] and [13] , the concentric array is adopted. The array is different from the UCA in this paper. In a word, multiple vortex signals are generated simultaneously in the proposed RV-MIMO system. Different vortex signals provide different vortex phases which can be employed as degrees of freedom to provide higher capacity than the conventional MIMO system.
VII. CONCLUSION
In this paper, we proposed an RV-MIMO system and modeled the vortex channel of the proposed RV-MIMO system in free space. The proposed RV-MIMO system exploits the vortex phase of the vortex channel matrix to improve the capacity significantly. Moreover, we derived the optimal vortex phase to enhance the capacity of the proposed RV-MIMO system efficiently. Simulation results show that the RV-MIMO system can provide prominent improvements for both the capacity and the optimal capacity compared with the MIMO system in free space. 
